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Figure 1: Reverberation MPM schematic. For each laser pulse, the reverberation loop creates 
an infinite series of beam foci separated in space and time (only four are shown here, 
terminated by the sample surface). The spatial separation ∆𝑧 between each focus in the sample 
can be controlled as desired without affecting alignment, by adjusting the pathlength of the 
loop (the left pair of mirrors and lenses in the loop are mounted on a linear translation stage – 
see Supplementary Information). As	a	result	of	the	reverberation	loop,	each	laser	pulse	produces	a	series	of	beam	foci	of	decreasing	depth	within	the	sample	that	arrive	sequentially	in	time.	The	incident	power	associated	with	the	𝑛-th	focal	spot	is	given	by	𝑃% = 2((%*+)𝑃-% ,	where	𝑃-%	is	the	total	laser	power	incident	on	the	loop	and	𝑛 = 0	corresponds	to	the	deepest	layer	in	the	sample.	In	MPM,	only	the	ballistic	(i.e.	unscattered)	portion	of	this	power	contributes	to	fluorescence	generation1.	The	relative	fluorescence	power	produced	at	each	focal	spot	is	thus	given	by	𝐹% = 𝐹1	exp[𝑚𝑛(∆𝑧/𝑙9 − ln(2))]	,	where	𝑚	is	the	nonlinear	order	(𝑚 = 2	for	two-photon	microscopy),	𝑙9	is	the	scattering	mean-free-path	at	the	illumination	wavelength,	and	we	have	assumed	a	roughly	homogeneous	fluorescence	labeling	density.	In	other	words,	even	though	the	incident	power	associated	with	each	focal	spot	decreases	geometrically	with	decreasing	depth	(increasing	𝑛),	the	resulting	fluorescence	may	or	may	not	decrease	
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depending	on	our	choice	of	∆𝑧.		For	example,	if	the	inter-layer	spacing	is	chosen	such	that	∆𝑧 = 𝑙9ln2,	the	decrease	in	scattering	at	shallower	depths	exactly	compensates	for	the	decrease	in	incident	power	with	increasing	𝑛,	and	the	fluorescence	produced	from	each	focal	spot	remains	roughly	constant	at	all	depths.	On	the	other	hand,	if	a	finer	inter-layer	spacing	is	desired	(i.e.		∆𝑧 < 𝑙9ln2),	the	fluorescence	becomes	successively	dimmer	with	shallower	depths,	which	can	be	corrected	in	post	processing	provided	the	detector	supplies	adequate	dynamic	range	(see	Supplementary	Information).		
	
Figure 2: Timing and power of illumination pulses and corresponding fluorescence signals 
(assuming, for example, a 4 ns fluorescence lifetime). Here, ∆𝑧 is chosen so that the reduction 
in illumination power between layers is exactly offset by the reduction in scattering from 
shallower foci. Note that shorter delays allow more layers to fit between each laser pulse, but 
at the cost of additional crosstalk from previous layers. Figure	2	illustrates	the	timing	of	the	illumination	and	fluorescence	pulses,	with	a	different	color	indicating	each	focal	depth	(or	layer).	The	1.4	m	long	reverberation	loop	used	for	this	experiment	produces	a	4.7	ns	delay	between	focal	depths,	allowing	each	to	be	measured	individually	using	a	high-speed	amplifier	(1	GHz	bandwidth)	and	digitizer	(1.5	GS/s).	In	theory,	the	pulse	reverberation	subsists	indefinitely	(with	decreasing	power),	producing	an	arbitrary	number	of	focal	depths.	In	practice,	the	sequence	of	focal	depths	is	
6		
terminated	at	𝑛	when	the	(𝑛 + 1)-th	focal	spot	exits	the	sample,	thus	terminating	the	sequence	of	fluorescence	and	preventing	it	from	overlapping	with	signal	from	the	next	laser	pulse	(alternatively,	if	∆𝑧 < 𝑙9ln2,	the	fluorescence	can	fade	away	before	such	overlap	occurs).		But	adequately	fitting	the	number	of	focal	spots	between	laser	pulses	is	not	the	only	constraint.	We	must	also	bear	in	mind	that	the	fluorescence	lifetime	of	fluorescent	indicators	is	typically	a	few	nanoseconds20.	To	properly	distinguish	the	signal	from	successive	focal	spots,	the	time	delay	between	these	should	be	longer	than	the	fluorescence	lifetime.	In	our	setup,	the	fluorescence	signal	was	integrated	over	time	bins	of	durations	up	to	4.7	ns,	corresponding	to	the	reverberation	delay,	allowing	us	capture	most	of	the	fluorescence	produced	by	each	focal	spot	while	maintaining	a	small	crosstalk	between	successive	spots	of	typically	less	than	9%.		We	note	that	most	of	this	crosstalk	can	be	removed	in	post-processing,	by	subtracting	a	proportion	of	the	previous	layer	from	each	layer	(see	Supplementary	Information).	The	dual	constraints	of	maximizing	number	of	layers	between	laser	pulses	while	minimizing	inter-layer	fluorescence	crosstalk	motivate	the	use	of	lasers	with	slower	repetition	rates	and	correspondingly	higher	pulse	powers.	As	it	happens,	such	lasers	are	advantageous	for	deep	imaging21,22,	and	even	indispensable	for	three-photon	imaging23.	To	achieve	lower	repetition	rate	with	our	standard	80MHz	laser,	we	used	an	electro-optic	pulse	picker	to	select	every	third	pulse,	obtaining	an	effective	repetition	rate	of	27	MHz	(38	ns	period).	Such	timing	permits	up	to	eight	depth	layers	in	principle,	although	our	prototype	software	currently	only	handles	four	layers	(see	Methods).		
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Figure 3: Characterization of reverberation MPM with fluorescent bead samples. a,b,c,d, single 
reverberation image of 10 µm beads in scattering media, with all four layers (68 µm apart) 
acquired simultaneously, and corrected for crosstalk. e,f,g,h, x-z slices obtained from each layer 
after performing a physical z-scan (dashed boxes), illustrating layer registration. i,j, Transverse 




Figure 4: Reverberation imaging of in-vivo mouse-brain vasculature. a, single reverberation 
image comprising four independent layers at different depths; color indicates layer (the single 
color of each layer merged in overlapping regions). b, maximum intensity projection of z-stack 
with slices from all four reverberation layers merged into a volume; color indicates depth (the z-
stack was obtained by a short physical z-scan only to fill in the gaps between reverberation 
layers – fly-through and fly-around provided in Supplementary Videos 1 and 2). Highlighted 
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